The sex identity of fish can be easily manipulated by exogenous hormones. Treatment with 17-methyltestosterone (MT) has been widely used to induce a male fate, but the molecular and cellular processes underlying sex changes induced by MT treatments and the withdrawal of MT are not well studied. In this study, we systematically investigated gonadal histology, gene expression profiles, sex steroid hormone levels, and cellular changes during sex changes induced by MT-feeding and MT-feeding withdrawal in the protogynous orange-spotted grouper, Epinephelus coioides. Based on gonadal histology, we demonstrated that MT-feeding-induced sex reversal can be divided into early and late phases: in the early phase, male and female germ cells coexist, and MT-feeding withdrawal leads to a female fate; in the late phase, only male germ cells are observed, and MT-feeding withdrawal does not reverse the process, leading to a male fate. In both the early and late phases, cytochrome P450 family19 subfamily A member 1 (cyp19a1a) gene expression increased in response to MT-feeding withdrawal. Finally, by tracing doublesex-and Mab-3-related transcription factor 1 (dmrt1)-expressing cells, we found that gonia-like cells in the germinal , 2017, Vol. 97, No. 2 325 epithelium might be the major germ cell sources for developing testes during sex reversal. Collectively, our findings provide insights into the molecular and cellular mechanisms underlying sex changes induced by exogenous hormones.
Introduction
In vertebrates, sex is determined by genetic or environmental factors or by interactions between these two factors [1] [2] [3] . Teleosts display a high degree of diversity in their patterns of sex determination, including species that are gonochoristic, protogynous hermaphrodites (female-to-male sex change), or protandrous hermaphrodites (maleto-female sex change), thus providing an excellent model to investigate the molecular mechanisms underlying sex determination/differentiation and sexual plasticity [4] . Treatments with exogenous sex steroids can induce secondary sex reversal in some fish, regardless of their genetic sex, and a number of studies suggest that genetic males can be changed to phenotypic females by treating them with estrogens [5] [6] [7] [8] . Even sexually mature females can be induced to become functional males by treating them with an aromatase inhibitor (AI) [9] [10] [11] [12] . In addition, feeding or implanting some fish with androgens can induce females to become functional males [13] [14] [15] . Early studies in our lab and in other labs have also found that methyltestosterone (MT) treatments can induce sex reversal in groupers, but studies on androgen-induced sex reversal have focused on the genes related to the reproduction axis [16] [17] [18] [19] [20] [21] , and the details of the cellular and molecular mechanisms involved have been less studied.
In medaka (Oryzias latipes), AI treatment can induce the differentiation of germline stem cells (GSCs) into spermatogonia (SG) [10] , and more recent studies showed that GSCs are critical for sexual fate decision in medaka [22, 23] . In Nile tilapia, oogonia or GSC-like cells in the germinal epithelium are the major source of SG during AI-induced female-to-male sex reversal [9] . These data suggest that bipotential GSCs in the ovaries of adult fish can differentiate into SG in gonochoristic fish during the process of induced female-to-male sex reversal. However, in some species that naturally change sex, the germ cells of both sexes can coexist within an individual. For example, ovarian tissue with a few developing cysts made up of male germ cells has been observed in saddleback wrasse [24] . In protandrous black porgies (Acanthopagrus schlegelii), small numbers of primary oocytes (POs) have been observed in testicular tissue before sex reversal occurs [25, 26] .
Different genes have been identified to be involved in the male or female sex determination/differentiation pathways. For example, the differentiation of testes is regulated by several genes including dmrt1, sox9, cyp11b, and dax1 [27] [28] [29] [30] , whereas cyp19a1a and foxl2 are considered to be essential for ovarian differentiation [31, 32] . The process of sex reversal is accompanied by the expression of genes involved in the male or female sex differentiation pathway [9, 33, 34] . The orange-spotted grouper (Epinephelus coioides) is a protogynous hermaphroditic fish that is economically valuable and widely cultured in southern Asia [35] . Most orange-spotted grouper first matured as females at the age of 4-5 years and then some of the grouper could be sex reversed to males. The POs were observed in the gonad of 1-3-year-old grouper. In this study, we systematically analyzed the gonadal histology, serum steroid hormone levels, expression of sex differentiation genes, and cellar changes that occur during the process of MT-feeding-induced sex reversal. Our results provide insights into the molecular and cellular mechanisms underlying sex changes induced by exogenous hormones.
Methods

Animals
1.5-year-old orange-spotted groupers (body mass, 0.8-1.2 kg; body length, 37.5-45.5 cm) were obtained from the Guangdong Daya Bay Fishery Development Center (Huizhou City, Guangdong, P.R. China) in May 2015, and the reproductive season of groupers was from April to October. The orange-spotted groupers were all female as determined based on the gonadal histology analysis of five fish. All animal experiments were conducted in accordance with the guidelines and approval of the respective Animal Research and Ethics Committees of the Sun Yat-Sen University.
Methyltestosterone-feeding-and methyltestosteronefeeding-withdrawal-induced sex change Fish were randomly divided into two groups: the control group and the MT-feeding group. The two groups were kept in separate seawater tanks. Fish in the MT-feeding group (n = 60) were fed food mixed with MT (10 mg/kg diet) (Sigma-Aldrich, USA), whereas the control fish (n = 30) were fed food without MT. Five control fish and five MT-fed fish were sacrificed, and gonadal tissues and serum samples were collected at 12 days after treatment (dat), 24 dat, 36 dat, and 96 dat.
To investigate the effects of MT-feeding withdrawal on the sex change process, we removed 15 fish from the MT-feeding group at 36 dat and 96 dat. Gonadal tissues and serum samples from the control, MT-feeding, and MT-feeding-withdrawal groups were collected 2 months after MT-feeding withdrawal. The time schedule for the sampling procedures is shown in Figures 1A and 4A .
Gonadal histology
Gonads were dissected, fixed in Bouin solution for 24 h at room temperature, dehydrated, and embedded in paraffin. All tissue blocks were sectioned at 5 μm and stained with hematoxylin and eosin for analysis. The size, sample number, and the gonadal status of the sampled fish can be found in the Supplementary Table S1 .
Serum oestradiol-17β and 11-ketotestosterone assays Blood samples were collected from the caudal vein of fish from each group. Serum samples were collected after centrifugation and stored at -20
• C. Serum oestradiol-17β (E2) and 11-ketotestosterone (11-KT) levels were measured using Enzyme Immunoassay (EIA) Assay kits (Cayman Chemical Co) as described in the previous study [9] .
RNA isolation, reverse transcription, and quantitative real-time PCR and cyp11b were analyzed. Standard curves were generated based on serial dilutions of plasmid constructs, and β-actin was used as an internal control. After amplification, fluorescence data were converted to threshold cycle (C T ) values. The concentration of the template in the sample was determined by comparing the C T value to the standard curve. Primers used in this study are listed in Table 1 . Table 1 . Nucleotide sequences of the primers used in this study.
Primers
Primers sequence (from 5 to 3 )
Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/2/324/4055956 by OUP site access user on 08 October 2018
Doublesex and mab-3-related transcription factor 1 antiserum preparation and immunohistochemistry A cDNA fragment of grouper dmrt1 was cloned into pET-32a (+) vectors to express the Dmrt1 protein (residues 110-283) in Escherichia coli (DE3). The expressed proteins were purified with a His-tag purification kit (Novagene, USA). The immunization method using white rabbits has been described previously [36] . White rabbits were first injected with complete Freund adjuvant (Sigma) at the vola, and 1 week later, 500 μg of purified protein emulsified in complete Freund adjuvant was injected into the swollen lymph node. After the first injection, two booster injections were given containing the same amount of antigen but using incomplete Freund adjuvant (Sigma) each week. The rabbits were bled 2 weeks after the last booster injection, and serum samples were stored at -80
The specificity of the polyclonal antiserum was evaluated via western blot analysis. Briefly, tissue extracts from the liver, kidneys, brain, ovaries, and testes of groupers were prepared as previously described [36] . The tissue extracts were separated on a 12% Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto polyvinylidene fluoride membranes. The rabbit anti-Dmrt1 antibody was diluted at a ratio of 1:1000.
Immunohistochemistry (IHC) analyses were performed as described previously [37] . Antibodies against Dmrt1 were diluted at a ratio of 1:100. Photographs of the samples were taken under a Nikon light microscope (Japan).
Statistical analysis
Quantitative data are expressed as the mean ± Standard deviation (SD). Significant differences were analyzed using a two-way Analysis of variance (ANOVA) (GraphPad 5.0). A probability level less than 0.05 indicates significant difference.
Results
Gonadal histology during methyltestosterone-feeding-induced sex reversal
To induce sex reversal in groupers, we fed 1.5-year-old orangespotted groupers a diet containing MT (10 mg/kg diet). The sampling procedure is illustrated in Figure 1A . Gonadal histology was analyzed from the control and MT-fed groups. The gonads in the control fish were typical ovaries, containing many POs ( Figure 1B , a-d). At 12 dat, the gonads from the MT-fed group contained proliferating somatic cells, atretic primary oocytes (APOs), and gonia ( Figure 1B , e and i). From 24 to 36 dat, a large number of SG, spermatocytes (SC), and spermatids (ST) and a small number of APOs appeared in the MT-fed group ( Figure 1B , f, g, j, and k). At 96 dat, the oocytes in the MT-fed group had disappeared, and the gonads were full of SG, SC, ST, and efferent duct tissue ( Figure 1B , h and l). These data indicate that MT-feeding can effectively induce a female-to-male sex change in grouper in a few weeks.
Gene expression profiles and serum steroid hormone levels during methyltestosterone-feeding-induced sex reversal
We next analyzed the gene expression profiles of key sex differentiation genes during MT-feeding-induced sex reversal. The gene expression of dmrt1 and sox9 significantly increased from 12 to 96 dat (Figure 2A and C) , and cyp11b expression significantly increased from 24 to 36 dat. (Figure 2B ). However, the expression of cyp19a1a significantly decreased from 12 to 96 dat ( Figure 2D) , and the expression of foxl2 did not significantly change from 12 to 96 dat ( Figure 2E ). These results indicate that MT-feeding stimulates male pathway gene expression but suppresses female pathway gene (cyp19a1a) expression.
Compared with levels in control fish, serum E2 levels significantly decreased from 12 to 96 dat in MT-fed fish ( Figure 3A) . In contrast, serum 11-KT levels significantly increased from 36 to 96 dat in the MT-fed fish ( Figure 3B ). These results indicate that MT-feeding decreases estrogen levels but increases androgen levels.
Gonadal histology after methyltestosterone-feeding withdrawal
We next investigated whether the MT-feeding-induced sex reversal could be maintained after stopping the MT treatment. The experimental design is illustrated in Figure 4A . The fish were fed MT for 36 days or 96 days, and MT treatment was then terminated and gonad samples were collected 60 days after MT-feeding withdrawal (96-day sampling and 156-day sampling, respectively).
At both the 96-day and 156-day sampling points, the gonads of control fish contained numerous POs, and the gonads of MT-fed fish contained SG, SC, and ST ( Figure 4B , a-h). However, in the 36-day MT-feeding-withdrawal group, male germ cells were absent and their gonads reverted to ovaries with a lot of POs ( Figure 4B , i and j). In the 96-day MT-feeding-withdrawal group, however, the gonads maintain male characteristics, with a large number of SG, SC, and ST ( Figure 4B, k and l) . These data suggest that short-term MT-feeding-induced sex reversal is not stable in groupers.
Gene expression profiles and serum steroid hormone levels after methyltestosterone-feeding withdrawal The expression levels of key genes involved in sex differentiation were further analyzed after MT-feeding withdrawal. The expression of the male pathway genes (dmrt1, cyp11b, and sox9) was significantly lower than in fish for which MT-feeding was not withdrawn only in the 36-day MT-feeding-withdrawal group but not in the 96-day MT-feeding-withdrawal group (Figure 5A-C) . In both the 36-day and 96-day MT-feeding-withdrawal groups, the expression of cyp19a1a was significantly increased (more than fivefold compared to that of the control group) ( Figure 5D ), indicating that cyp19a1a expression is sensitive to MT treatment.
Serum E2 and 11-KT levels were also examined. The MT-fed groups had low levels of E2 and high levels of 11-KT ( Figure 6A and B). Compared with levels in the control group, E2 levels were significantly increased in the 36-day MT-feeding-withdrawal group but were significantly deceased in the 96-day MT-feeding-withdrawal group ( Figure 6A ), whereas 11-KT levels did not significantly change in the 36-day MT-feeding-withdrawal group but were significantly increased in the 96-day MT-feeding-withdrawal group ( Figure 6B ).
Tracing doublesex and mab-3-related transcription factor 1 expression in the germ cells during methyltestosterone-feeding-induced sex reversal
To investigate the cellular origin of the male germ cells during MTfeeding-induced sex reversal, we examined Dmrt1 expression using IHC. The specificity of the grouper Dmrt1antibody that we used was confirmed via western blotting. The Dmrt1 protein was only detected in the testes and was not found in other tissues, such as the liver, kidneys, brain, and ovaries ( Figure 7A ). Dmrt1-positive 
. Expression profiles of key sex differentiation-related genes in the gonads during MT-feeding-induced sex reversal. (A-E) Gene expression of dmrt1 (A), cyp11b (B), sox9 (C), cyp19a1 (D)
, and foxl2 (E) during MT-induced sex reversal. β-actin was used as the internal control. Data are expressed as the mean ± SD for three replicates obtained from five fish samples. * P < 0.05, * * P < 0.01, and * * * P < 0.001 between the control group and MT-feeding group. signals were found in second SC in the testes but were not detected in the somatic cells of the ovaries in adult fish ( Figure 7B and C) . Interestingly, Dmrt1-positive signals were first detected in gonia-like cells that were scattered in the germinal epithelium and were found near POs at 12 dat in the MT-fed group, but were never observed in the control group ( Figure 7D and E). Dmrt1 signals were also detected in SG at 24 dat ( Figure 7F ). Strong Dmrt1-positive signals were observed in the cells surrounding the SG and began to appear in primary SC at 36 dat ( Figure 7G ). At 96 dat, the positive signals were only observed in the primary and secondary SC and not in SG ( Figure 7H and I).
Discussion
The artificial induction of sex reversal has been applied previously to hermaphroditic fish by administering exogenous steroids [25, 38] . The process of AI-induced female-to-male sex reversal is a continual process of ovarian tissue degeneration and the reconstruction of testicular tissue during which the expression of male pathway genes slowly increases and the expression of female pathway genes gradually decreases [9] . The process and molecular mechanisms underlying exogenous steroid-induced sex reversal in hermaphroditic fish is less clear. In this study, we demonstrated that MT-feedinginduced sex reversal can be divided into early and late phases. In the early phase, the male and female germ cells coexist, and genes related to the female pathway are suppressed while genes related to the male pathway are activated. MT-feeding withdrawal in this phase leads to the development of the ovaries. In the late phase, only male germ cells are observed in the gonads, and the characteristics of the testes are maintained when MT-feeding is withdrawn. In the dusky grouper (Epinephelus marginatus), early transitional, bisexual, and late-transitional stages were classified based on the degeneration of female germinal cells, the proportion of male and female tissue, and the development of sperm sinuses along the gonadal wall during sex change [39] . In our study, we divided the sex reversal process into early and late stages based on whether the gonads contained oocytes and the gonads reverting back to ovaries after MT-feeding withdrawal.
Previous studies showed that MT-feeding or AI treatment of immature Malabar grouper, E. malabaricus (120 days after hatching) and immature orange-spotted grouper, Epinephelus coioides (10-month old) can induce sex change from immature ovary to testes, but the testes immediately changed back to immature ovaries after withdrawal of the MT or AI treatment [8, 40] . On the other hand, MT treatment is well known to induce sex change of matured female to functional males in grouper [41] [42] [43] [44] . In this study, we used 1.5-year-old fish, and we found that MTfeeding-induced sex reversal can be divided into early and late phases, and MT-feeding withdrawal does not reverse the sex change process in the late phases. The above results suggest that the , and foxl2 (E) at the 60th day after MT-feeding withdrawal. β-actin was used as the internal control. Data are expressed as the mean ± SD for three replicates obtained from five different fish. Different letters represent statistically significant differences (P < 0.05). effect of MT treatment may vary with age and degree of sexual maturation. For many fishes, a balance between endogenous estrogens and androgens maintains their sexual identity. Steroidogenesis plays a critical role in fish sex determination and differentiation [45] . After MT treatment, the mRNA levels of cyp19a1a (which codes for a key enzyme in E2 synthesis) and the serum E2 levels decreased rapidly. However, the mRNA levels of cyp11b (which codes for a key enzyme in 11-KT synthesis) and serum 11-KT levels did not immediately show a significant increase. Therefore, MT treatment may directly inhibit the expression of the cyp19a1a gene in ovaries, resulting in a decrease in serum estrogen levels. Estrogen plays an important role in maintaining ovarian development [46] , and decreased E2 levels may lead to the degradation of female germ cells. This could disrupt ovarian development, and the expression of male pathway genes in the gonads could then lead to sex reversal. The increase in steroidogenic enzymes as a result of increased cyp11b expression resulted in an increase in serum 11-KT levels, which may play a critical role in maintaining the testes. In agreement with this speculation, previous studies have found that the cyp11b gene is highly expressed only during the late stages of spermatogenesis [47, 48] . Therefore, the process of MT-induced sex reversal may be driven by the suppression of cyp19a1a expression, which has been observed in many other species.
In this study, gene expression profiles of the dmrt1, sox9, cyp11b2, and cyp19a1a during MT-induced masculinization were similar to the previous studies [32, 40, 49] . Interestingly, we found that the expression of cyp19a1a was markedly increased after MT withdrawal. The molecular mechanism of how cyp19a1a expression is regulated by MT is largely unknown. MT as an agonist may activate androgen receptor (AR) to cause nucleus localization of AR [50] . In the nuclear, AR may bind to the cyp19a1a promoter or enhancer to recruit repressors thatcould decrease the cyp19a1a expression [51] . After the MT withdrawal, the repressive actions will be removed and the cyp19a1a expression will be upregulated. As a positive regulator, the foxl2 was reported to stimulate the cyp19a1a promoter in tilapia [52] . The cyp19a1a expression level was increased, while the foxl2 expression level was not significantly changed after MT withdrawal, suggesting that other factors may stimulate the cyp19a1a expression after MT withdrawal. Moreover, how brain functions were involved in the MT-induced sex reversal is largely unknown. In previous studies, we found that MT treatment could suppress the kiss1 and gnrh1 expression in the hypothalamus and the fshβ expression in the pituitary [16, 18] . Whether suppression of these genes is related to the decreased cyp19a1a expression needs further investigation.
In this study, we found that the MT-feeding-induced male sex identity could be maintained after MT withdrawal at 96 dat but not at 36 dat, suggesting that the sex change induced by MT can be reversed at the early phase but not at the late phase. Consistent with the observation that MT can suppress cyp19a1a expression, MT withdrawal markedly increased the level of cyp19a1a mRNA in both the 36-day and 96-day MT-withdrawal groups. However, E2 levels were increased in the 36-day but not in the 96-day MT-withdrawal group. These different E2 levels may be due to the different gonadal status observed. In the 36-day MT-withdrawal group, ovarian cells could be still observed and thus may have maintained their ability to synthesize E2. Therefore, high levels of cyp19a1a expression could have led to high E2 levels. In the 96-day MT-withdrawal group, ovarian cells could not be observed. Although cyp19a1a was highly expressed, E2 may not be efficiently synthesized in the testes. Therefore, whether the MT-induced male fate could be further reversed after MT-feeding withdrawal may depend on whether E2 can be efficiently synthesized in the gonads. Compared to the gene expression at 36 dat, we found that the dmrt1, sox9, and cyp11b expression increased and the cyp19a1a expression decreased more profoundly in the stable sex-reversed fish at 96 dat. These results suggested that the increased expression of male fate favored genes and decreased expression of female fate favored gene may contribute to stable male sex status after female-to-male sex change.
To further investigate the cellular changes that occur during MTfeeding-induced sex reversal in hermaphroditic fish, we examined Dmrt1-expressing cells during this process. Consistent with the findings of a previous study, the grouper Dmrt1 protein is mainly expressed in the germ cells of adult testes [36] , and no Dmrt1 expression was detected in the ovaries. However, in the MT-fed fish, Dmrt1-positive signals were detected in gonia-like cells (12 dat) and later observed in SG (24 dat) and primary and secondary SC (96 dat), suggesting that these Dmrt1-positive cells may be the origin of the male germ cells during sex reversal. The putative germinal epithelium of grouper was morphologically similar to that reported in madaka [53] , which includes the germinal cradle, early-stage germ cells, epithelial cells, and basement membrane ( Supplementary Figure S1 ). Further characterization of grouper germinal epithelium with proper marker was highly warranted. In tilapia, the SG were transformed from oogonia or GSC-like cells located in germinal epithelium during female-to-male sex reversal [9] . These data suggest that the gonia-like cells in the germinal epithelium might be the major source of SG, and that Dmrt1 plays an important role in the process of spermatogenesis during MT-feeding-induced sex reversal.
In conclusions, our study provides several insights into the process of MT-induced sex reversal in groupers. Firstly, MT-feedinginduced sex reversal can be divided into different phases. Secondly, the cyp19a1a expression is responsive to MT treatment, and the regulation of cyp19a1a expression might be important for the MTtreatment-induced sex reversal. Thirdly, the gonia-like cells in the germinal epithelium might be the major germ cell source for SG development in the testes during sex reversal.
